to one. In this paper, we discuss how such a constraint would translate into limits on the coupling constants and masses of new particles in various models. The models we consider are: models with generation distinguishing Z ′ s such as topcolor assisted technicolor, models containing various types of leptoquarks, R-parity violating SUSY, and extended Higgs sector models. In several cases, we find that the limits thus obtained could be competitive with those expected from direct searches at the LHC. In the event that any of the particles discussed here are discovered at the LHC, then the observation, or non-observation, of their matter effects could help in identifying what type of particle had been observed.
I. INTRODUCTION
When considering matter effects on neutrino oscillation, it is customary to consider only the W -exchange interaction of the ν e with the electrons in matter. However, if new interactions beyond the Standard Model (SM) that distinguish among the three generations of neutrinos exist, they can lead to extra matter effects via radiative corrections to the Zνν vertex, which effectively violate neutral current universality, or via the direct exchange of new particles between the neutrinos and matter particles [4] .
Many models of physics beyond the SM introduce interactions which distinguish among generations: gauged L α − L β [5] and gauged B − αL e − βL µ − γL τ [6, 7, 8, 9 ] models introduce Z ′ s and Higgs sectors which distinguish among the three generations of leptons;
topcolor assisted technicolor treats the third generation differently from the first two to explain the large top mass [11, 12] ; R-parity violating couplings in supersymmetric models couple fermions/sfermions from different generations [13, 14, 15] .
The effective Hamiltonian that governs neutrino oscillation in the presence of neutralcurrent lepton universality violation, or new physics that couples to the different generations differently, is given by [1] H =Ũ 
In this expression, U is the MNS matrix [16] ,
is the usual matter effect due to W -exchange between ν e and the electrons [17] , and b e , b µ , b τ are the extra matter effects which we assume to be flavor diagonal and non-equal. The matter effect terms in this Hamiltonian can always be written as 
The unit matrix term does not contribute to neutrino oscillation so it can be dropped. We define the parameter ξ as
Then, the effective Hamiltonian can be written as 
where we have absorbed the extra b-terms in the (1, 1) element into a.
The extra ξ-dependent contribution in Eq. (5) can manifest itself when a > |δm 2 31 | (i.e. E 10 GeV for typical matter densities in the Earth) in the ν µ andν µ survival probabilities as [1] P (ν µ → ν µ ) ≈ 1 − sin 2 2θ 23 
where
and the CP violating phase δ has been set to zero. As is evident from these expressions, the small shift due to ξ will be invisible if the value of sin 2 2θ 23 is too close to one. However, if the value of sin 2 2θ 23 is as low as sin 2 2θ 23 = 0.92 (the current 90% lower bound [18] ), and if ξ is as large as ξ = 0.025 (the central value from CHARM/CHARM II [19] ), then the shift in the survival probability at the first oscillation dip can be as large as ∼ 40%. If the Fermilab-NUMI beam in its high-energy mode [2] were aimed at a declination angle of 46
• toward the planned Hyper-Kamiokande detector [3] in Kamioka, Japan (baseline 9120 km), such a shift would be visible after just one year of data taking, assuming a Mega-ton fiducial volume and 100% efficiency. The absence of any shift after 5 years of data taking would constrain ξ to [1] |ξ| ≤ ξ 0 ≡ 0.005 ,
at the 99% confidence level.
In this paper, we look at how this potential limit on ξ would translate into constraints on new physics, in particular, on the couplings and masses of new particles. As mentioned above, the models must be those that distinguish among different generations. We consider the following four classes of models:
1. Models with a generation distinguishing Z ′ boson. This class includes gauged L e − L µ , gauged L e − L τ , gauged B − αL e − βL µ − γL τ , and topcolor assisted technicolor.
Models with leptoquarks (scalar and vector). This class includes various Grand Unification Theory (GUT) models and extended technicolor (ETC).
3. The Supersymmetric Standard Model with R-parity violation.
Extended Higgs models. This class includes the Babu model, the Zee model, and
various models with triplet Higgs, as well as the generation distinguishing Z ′ models listed above.
These classes will be discussed one by one in sections II through V. The constraints on these models will be compared with existing ones from LEP/SLD, the Tevatron, and other low energy experiments, and with those expected from direct searches for the new particles at the LHC. Concluding remarks will be presented in section VI.
II. MODELS WITH AN EXTRA Z ′ BOSON
Z ′ generically refers to any electrically neutral gauge boson corresponding to a flavordiagonal generator of some new gauge group. Here, we are interested in models in which the Z ′ couples differently to different generations. The models we will consider are (A) gauged L e − L µ and L e − L τ , (B) gauged B − αL e − βL µ − γL τ , with α + β + γ = 3, and (C) topcolor assisted technicolor.
In Ref. [5] , it was pointed out that the charges L e − L µ , L e − L τ , and L µ − L τ are anomaly free within the particle content of the Standard Model, and therefore can be gauged. Models with these symmetries are recently receiving renewed attention in attempts to explain the large mixing angles observed in the neutrino sector [20] . Of these, gauged L e −L µ and L e −L τ affect neutrino oscillation in matter. These models necessarily possess a Higgs sector which also distinguishes among different lepton generations [21] , but we will only consider the effect of the the extra gauge boson in this section and relegate the effect of the Higgs sector to a more generic discussion in section V. 
The effective ξ's for the L e − L µ and L e − L τ cases are
Ignoring potential contributions from the Higgs sector, a bound on ξ of |ξ| ≤ ξ 0 = 0.005 from Eq. (8) translates into:
for both the L e − L µ and L e − L τ cases.
The Z ′ in gauged L e −L ℓ (ℓ = µ, τ ) cannot be sought for at the LHC since they only couple to leptons. However, they can be produced in e + e − collisions and subsequently decay into e + e − or ℓ + ℓ − pairs, and stringent contraints already exist from LEP/LEP2. The exchange of the Z ′ induces the following effective four-fermion interactions, relevant to e + e − colliders, among the charged leptons at energies far below the Z ′ mass:
The LEP collaborations fit their data to
with the 95% confidence limits on Λ ± shown in Table I . The strongest constraint for the L e − L µ case comes from the e + e − → µ + µ − channel of L3, which translates to
Diagrams that contribute to neutrino oscillation matter effects in (a) the gauged X = B − αL e − βL µ − γL τ model, ℓ = {e, µ, τ }, f = {u, d, e}, and (b) topcolor assisted technicolor,
while that for the L e − L τ case comes from the e + e − → τ + τ − channel of DELPHI, which translates to
Though these are the 95% confidence limits while that given in Eq. (14) is the 99% limit, it is clear that the bound on ξ will not lead to any improvement of already existing bounds from LEP/LEP2.
In Refs. [6, 7, 8, 9] , extensions of the SM gauge group to
with X = B − (αL e + βL µ + γL τ ) were considered. Again, the motivation was to explain the observed pattern of neutrino masses and mixings. The cases (α, β, γ) = (0, 0, 3), (3, 0, 0) ,
) were considered, respectively, in Refs. [6] , [7] , and [8] . In all cases, the condition
is required for anomaly cancellation within the SM plus right-handed neutrinos 1 . When α = β = γ, the U(1) X gauge boson, i.e. the Z ′ , couples to the three lepton generations differently, and can lead to extra neutrino oscillation matter effects. As in the gauged L e − L ℓ case, the Higgs sectors of these models also necessarily distinguish among the lepton generations, but we relegate the discussion of their effects to section V.
1 Only the right-handed neutrinos with non-zero X charge need to be included for anomaly cancellation.
For generic values of (α, β, γ), the Z ′ couples to the quarks and leptons as
The forward scattering amplitude of the left-handed neutrino ν ℓL (ℓ = e, µ, τ ) on matter can be identified as the effective potential experienced by the left-handed neutrino ν ℓL as it travels through matter. Since the Earth is electrically neutral and is mostly composed of lighter elements, we can make the approximation N n ≈ N p = N e ≡ N, in which case
The effective ξ is then
When α = 2, the contribution of the matter electrons is cancelled by those of the matter nucleons and ξ (2,β,γ) vanishes, regardless of the values of β and γ. When β = γ, the matter effects on ν µ and ν τ will be the same, again resulting in ξ (α,β,β) = 0, regardless of the value of α.
In Fig. 3 , we plot the dependence of ξ Z ′ on the Z ′ mass for selected values of g Z ′ for the case α = β = 0, γ = 3, namely, the Z ′ couples to B − 3L τ . In this case
Ignoring the possible contribution of the Higgs sector, a bound on ξ of |ξ| ≤ ξ 0 = 0.005 from Eq. (8) translates into: 2σ (95%) limit from 95% limit from limit from More generically, the bound on the Z ′ mass is
This bound is plotted in Fig. 4 as a function of β for three different values of g Z ′ , and two different values of α. The value of γ is fixed by the anomaly cancellation condition, Eq. (19) ,
The region of the (β, M Z ′ ) parameter space below each curve will be excluded.
Let us now look at existing bounds. We limit our attention to the α = 0 case, i.e. the Z ′ couples to B − βL µ − γL τ , with β + γ = 3. In this case, the Z ′ can be produced in pp collisions and subsequently decay into µ + µ − or τ + τ − pairs. The exchange of the Z ′ in this case leads to the following four-fermion interactions, relevant to pp colliders, between the charged leptons and the light quarks at energies way below the Z ′ mass:
D0 has searched for the contact interaction
in its dimuon production data [27] and has set a 95% confidence level limit of
This translates into
CDF has searched for the production of a Z ′ followed by its decay into τ + τ − pairs [28] and has set a 95% confidence level lower bound of
for a sequential Z ′ (i.e. a Z ′ with the exact same couplings to the fermions as the SM Z).
Rescaling to account for the difference in couplings, we estimate
Limits on this model also exist from a global analysis of loop effects in LEP/SLD data [9] , but they are weaker than the direct search limits from the Tevatron. In Table II , we compare the bounds from LEP/SLD, CDF/D0, and the potential bounds from a measurement of ξ for two choices of (α, β, γ), and two choices for the value of g Z ′ . For the (α, β, γ) = (0, 0, 3)
case, we can expect a significant improvement over current bounds.
The sensitivity of the LHC to Z ′ s has been analyzed assuming Z ′ decay into e + e − or µ + µ − pairs, or 2 jets [30] . For a sequential Z ′ , the LHC is sensitive to masses as heavy as 5 TeV with 100 fb −1 of integrated luminosity. The Z ′ of the (α, β, γ) = (0, 0, 3) model, however, decays mostly into τ + τ − , which will not provide as clean a signal as decays into the lighter charged lepton pairs. Ref. [10] estimates that if g Z ′ ∼ g ′ ≈ 0.35, then the LHC reach will be up to about 1 TeV with 100 fb −1 . If this estimate is correct, the potential bound on M Z ′ from neutrino oscillation may be better than that from the LHC. A complete detector analysis may show that the actual reach of the LHC is somewhat higher, but even then we can expect the neutrino oscillation bound to be competitive with the LHC bound for the (0, 0, 3) model.
C. Topcolor Assisted Technicolor
Another example of a model with a Z ′ which distinguishes among different generations is topcolor assisted technicolor [11, 12] . Models of this class are hybrids of topcolor and technicolor: the topcolor interactions generate the large top-mass (and a fraction of the W and Z masses), while the technicolor interactions generate (the majority of ) the W and Z masses. The models include a Z ′ in the topcolor sector, the interactions of which helps the top to condense, but prevents the bottom from doing so also. To extract the interactions of this Z ′ relevant to our discussion, we need to look at the model in some detail.
Though there are several different versions of topcolor assisted technicolor, we consider here the simplest in which the quarks and leptons transform under the gauge group
with coupling constants g 3s , g 3w , g 1s , g 1w , and g. It is assumed that g 3s ≫ g 3w and g 1s ≫ g 1w .
SU(2)
L is the usual weak-isospin gauge group of the SM with coupling constant g. The charge assignments of the three generation of ordinary fermions under these gauge groups are given in Table III . Note that each generation must transform non-trivially under only one of the SU(3)'s and one of the U(1)'s, and that those charges are the same as that of the SM color, and hypercharge Y (normalized to Q em = I 3 + Y ). This ensures anomaly cancellation.
At scale Λ ∼ 1 TeV, technicolor, which is included in the model to generate the W and Z masses, is assumed to become strong and generate a condensate (of something which is left unspecified) which breaks the two SU (3)'s and the two U(1)'s to their diagonal subgroups:
which we identify with the usual SM color and hypercharge groups. The massless unbroken SU(3) gauge bosons (the gluons G a µ ) and the massive broken SU (3) gauge bosons (the so 
where we have suppressed the color indices, and
The currents to which the gluons and colorons couple to are:
Since the quarks carry only one of the SU(3) charges, we can identify
as the QCD color current, and g 3 as the QCD coupling constant.
Similarly, the massless unbroken U (1) 
The currents to which the B µ and Z ′ µ couple to are:
Again, since the fermions carry only one of the U(1) charges, we can identify
as the SM hypercharge current, and g 1 as the SM hypercharge coupling constant g ′ . Note that the interactions of the colorons and the Z ′ with the third generation fermions are strong, while their interactions with the first and second generation fermions are weak. This results in the formation of a top-condensate which accounts for the large mass of the top quark.
2 Therefore, the interaction of the Z ′ in this model with the quarks and leptons is given by
where g ′ is the SM hypercharge coupling, and
2 The Z ′ -exchange interaction in the tt channel is attractive, but that in the bb channel is repulsive. This repulsion is assumed to be strong enough to counter the attraction due to the colorons and prevent the bottom from condensing. 
The exchange of the Z
′ leads to the current-current interaction
the J 1s J 1s part of which does not contribute to neutrino oscillations on the Earth, while the J 1w J 1w part is suppressed relative to the J 1w J 1s part by a factor of tan 2 θ 1 ≪ 1. Therefore, we only need to consider the J 1s J 1w interaction which only affects the propagation of ν τ L (cf. Fig. 2b ). The forward scattering amplitude of ν τ L against fermion F = p, n, e is given
Note that the angle θ 1 has vanished from this expression and the only unknown parameter here is the Z ′ mass.
The effective potentials felt by the different neutrino flavors are
and the effectivie ξ is
The dependence of ξ T T on the Z ′ mass is shown in Fig. 5 . The limit |ξ T T | ≤ ξ 0 = 0.005 in this case translates to:
This potential limit from the measurement of ξ is much weaker than what is already available from precision electroweak data [12] , or from the direct search for
CDF mentioned earlier [28] .
III. GENERATION NON-DIAGONAL LEPTOQUARKS
Leptoquarks are particles carrying both baryon number B, and lepton number L. They occur in various extensions of the SM such as Grand Unification Theories (GUT's) or Extended Technicolor (ETC). In GUT models, the quarks and leptons are placed in the same multiplet of the GUT group. The massive gauge bosons which correspond to the broken generators of the GUT group which change quarks into leptons, and vice versa, are vector leptoquarks. In ETC models, the technicolor interaction will bind the techniquarks and the technileptons into scalar or vector bound states. These leptoquark states couple to the ordinary quarks and leptons through ETC interactions.
The interactions of leptoquarks with ordinary matter can be described in a modelindependent fashion by an effective low-energy Lagrangian as discussed in Ref. [31] . Assuming the fermionic content of the SM, the most general dimensionless
invariant couplings of scalar and vector leptoquarks satisfying baryon and lepton number conservation is given by:
Here, the scalar and vector leptoquark fields are denoted by S and V , respectively, their subscripts indicating the dimension of their SU(2) L representation. The same index is attached to their respective coupling constants, the g's and h's, with the extra subscript L or R indicating the chirality of the lepton involved in the interaction. For simplicity, color, weak isospin, and generation indices have been suppressed. The leptoquarks
Rewriting the fermion doublets and the leptoquark multiplets in terms of the individual component fields, Eqs. (59) and (60) are expanded as follows:
Superscripts indicate the weak isospin of each field, not the electromagnetic charge. For fields with subscript 1, the superscript 0 is redundant and may be dropped. The quantum numbers and couplings of the various leptoquarks fields are summarized in Table IV . Note that the scalarS 1 and the vectorṼ 1µ do not couple to the neutrinos, so they are irrelevant 
to our discussion and will not be considered further. The isospin plus components of the remaining leptoquarks, namely S
, and V + 3µ , do not couple to the neutrinos either, but we will keep them in our Lagrangian since their coupling constants are common with the other components that do couple, and are important in understanding how the couplings are constrained by neutrinoless experiments.
Since the leptoquarks must distinguish among different generation fermions to contribute to neutrino oscillation matter effects, we generalize their interactions by allowing the cou-pling constants to depend on the generations of the quarks and leptons that couple to each leptoquark:
Here, i is the quark generation number, and j is the lepton generation number. Summation over repeated indices is assumed. The interactions that contribute to neutrino oscillation matter effects are those with indices (ij) = (12) and (ij) = (13) . It is often assumed in the literature that generation non-diagonal couplings are absent to account for the nonobservation of flavor changing neutral currents and lepton flavor violation. However, the constraints from such rare processes are always on products of different (ij)-couplings and not on the individual non-diagonal couplings by themselves. For instance, non-observation of the decay K L →ēµ constrains the product of (12) and (21) couplings, but not the (12) and (21) couplings separately, which allows one of them to be sizable if the other is small. Constraints on the individual (12) and (13) couplings actually come from precision measurements of flavor conserving processes, such as R π = Γ(π → µν µ )/Γ(π → eν e ) which constrains the square of the (12) coupling, and those constraints are not yet that strong [32] .
In the following, we calculate the effective value of ξ induced by the exchange of these leptoquarks. The leptoquark fields are naturally grouped into pairs from the way they couple to the quarks and leptons: (S 1 , S 3 ), (S 2 ,S 2 ), (V 2 ,Ṽ 2 ), and (V 1 , V 3 ). We treat each of these pairs in turn, and then discuss the potential bounds on the leptoquark couplings and masses.
A. S 1 and S 3 leptoquarks
(b) The (ij) = (12) and (13) interactions of the leptoquarks S 1 and S 3 are, respectively,
and
The interactions described by Eqs. (65) and (66) can be written in a common general form
where q = u or d. The Feynman diagrams contributing to neutrino oscillation matter effects are shown in Fig. 6 . At momenta much smaller than the mass of the leptoquark, the corresponding matrix element is
Using the Fiertz rearrangement
we obtain
Applying this expression to the S 1 case, the effective potential for the neutrino of generation number j is:
For the S 3 case, the effective potential is
and the effective ξ is
In the case of degenerate mass,
B. S 2 andS 2 leptoquarks
The relevant interactions are
for S − 2 and L =h
Diagrams contributing to neutrino oscillation matter effects from the exchange of (a) S (77) and (78) can be written in a common general form as
where q = u or d. The Feynman diagram contributing to neutrino oscillation matter effects is shown in Fig. 7a . For momenta much smaller than the mass of the leptoquark, the corresponding matrix element is
Using the Fiertz identity given in Eq. (69) again, we obtain
Applying this expression to the S − 2 case, the effective potential for the neutrino of generation number j is
The effective potential for theS − 2 case is
+i g 
The relevant interactions for
and those forṼ
Both (87) and (88) can be written in a common general form as
The Feynman diagrams contributing to neutrino oscillation matter effects are shown in Fig. 8 . For momenta much smaller than the mass of the leptoquark the corresponding matrix element is
Applying this to the V − 2 case, the effective potential for the neutrino of generation number j is
The effective ξ is
The effective potential for theṼ − 2 case is
D. V 1 and V 3 leptoquarks
The relevant interactions for V 1 are
and those for V 3 are The interactions described by Eqs. (98) and (99) can be written in a common general form
The Feynman diagrams contributing to neutrino oscillation matter effects are shown in Fig. 9 . For momenta much smaller than the mass of the leptoquark the corresponding matrix element is
Using the Fiertz identity given in Eq. (91) again, we find
Applying this result to the V 1 case, effective potential is
The effective potential for the V 3 case is
In the case of degenerate mass, To obtain the bounds for a different leptoquark mass M LQ , simply rescale these numbers with the factor (M LQ /100 GeV) 2 .
E. Constraints on the Leptoquark Couplings and Masses
Assuming a common mass for leptoquarks in the same SU(2) L weak-isospin multiplet, the effective ξ due to the exchange of any particular type of leptoquark can be written in the form
Here, C LQ is a constant prefactor, and δλ 
117 GeV CDF [34] pp → LQ LQ X → (jν)(jν)X ( * * ) S β = 0 135 GeV D0 [35] pp → LQ LQ X → (jµ)(jµ)X ( * 2) S β = 0.5 208 GeV CDF [36] pp → LQ LQ X → (jµ)(jν)X pp → LQ LQ X → (jµ)(jµ)X ( * 2) S β = 0.5 204 GeV D0 [37] pp → LQ LQ X → (jµ)(jν)X
D0 [38] pp → LQ LQ X → (jτ )(jτ )X ( * 3) V minimal coupling [40] 251 GeV CDF [39] should be flipped. The constraint |ξ LQ | ≤ ξ 0 translates into:
The resulting bounds are shown in Fig. 11 , where the regions of the (M LQ , |δλ 2 LQ |) parameter space below each of the lines will be excluded. One can also fix the leptoquark mass and obtain upper bounds on the leptoquark couplings:
The values when M LQ = 100 GeV are listed in the third column of Table V. The bounds for a different choice of leptoquark mass M LQ can be obtained by multiplying by a factor of (M LQ /100GeV) 2 . This result can be compared with various indirect bounds from rare processes which are listed in the last column of Table V . As can be seen, the limits from |ξ| ≤ ξ 0 can significantly improve existing bounds.
Limits on leptoquark masses from direct searches at the Tevatron are listed in Table VI .
Bounds from LEP and LEP II are weaker due to their smaller center of mass energies.
Since neutrino oscillation is only sensitive to leptoquarks with (ij) = (12) and/or (ij) = (13) couplings, we only quote limits which apply to leptoquarks with only those particular couplings, that is, leptoquarks that decay into a first generation quark, and either a second or third generation lepton. Though it is usually stated in collider analyses that leptoquarks are assumed to decay into a quark-lepton pair of one particular generation, it is often the case that the jets coming from the quarks are not flavor tagged. Analyses that look for the leptoquark in the quark-neutrino decay channel are of course blind to the flavor of the neutrino. Therefore, the bounds listed apply to leptoquarks with generation non-diagonal couplings also.
As can be seen from Table VI, 
where X = L or R, and q = u or d. For instance, at energies much lower than the leptoquark mass, the exchange of the S 1 leptoquark leads to the interaction
The remaining cases are listed in Table VII . The 95% CL lower bounds on the Λ ± qℓ 's from CDF can be found in Ref. [26] , and the cases relevant to our discussion are listed in Table VIII. These bounds translate into bounds on the leptoquark masses and couplings listed in Table VII . Clearly, the potential bounds from |ξ| < ξ 0 , also listed in Table VII, are much stronger. It should be noted, though, that the results of Ref. [26] are from Tevatron Run I, and we can expect the Run II results to improve these bounds. Indeed, Ref. [27] from D0, which we cited earlier in the Z ′ section, analyzes the Run II data for contact interactions of the form
and places 95% CL lower bounds on the Λ ± 's in the 4 ∼ 7 TeV range. While these are not exactly the interactions induced by leptoquarks, we can nevertheless expect that the bounds on the Λ ± qµ 's will be in a similar range, and thereby conclude that the Run II data will roughly double the lower bounds from Run I. Even then, Table VII indicates that the potential bounds from |ξ| < ξ 0 will be much stronger.
The prospects for leptoquark discovery at the LHC are discussed in Refs. [30, 41] . At the LHC, leptoquarks can be pair-produced via gluon fusion and quark-antiquark annihilation, or singly-produced with an accompanying lepton via quark-gluon fusion. The pair-production cross section is dominated by gluon fusion, which does not involve the leptoquark-quark-lepton coupling λ, and is therefore independent of the details assumed for the leptoquark interactions. Once produced, each leptoquark will decay into a lepton plus jet, regardless of whether the coupling is generation diagonal or not. The leptoquark width in this decay depends on λ, but it is too narrow compared to the calorimeter resolution for the λ-dependence to be of relevance in the analyses. Therefore, though the analyses of Refs. [30, 41] assume specific values of λ and generation diagonal couplings, we expect their conclusions to apply equally well to different λ-values and generation non-diagonal cases: LQ Induced Interaction CDF 95% CL [26] |ξ| < ξ 0 [26] compared with potential bounds from neutrino oscillations. Only the couplings that also contribute to neutrino oscillation are listed. Analysis of the Tevatron Run II data is expected to improve the CDF bound by a factor of two.
(RL) 3.0 3.6 2.0 1.9 TABLE VIII: The 95% CL lower bound on the compositeness scale from CDF [26] . Results from D0 [27] do not provide limits for cases where the muons couple to only u or d, but we expect the bounds to be in the range 4 ∼ 7 TeV.
for β = B(LQ → qℓ) = 0.5, the expected sensitivity is up to M LQ ≈ 1 TeV with 30 −1 fb of data [41] . Again, in contrast, the the potential bound from neutrino oscillation, Eq. (111), depends on the coupling |C LQ ||δλ (1), then Eq. (111) will be competitive with the expected LHC bound.
IV. SUSY STANDARD MODEL WITH R-PARITY VIOLATION
Let us next consider contributions from R-parity violating couplings. Assuming the particle content of the Minimal Supersymmetric Standard Model (MSSM), the most general R-parity violating superpotential (involving only tri-linear couplings) has the form [13] 
whereas SU(3) gauge invariance requires the couplings λ ′′ ijk to be antisymmetric in the latter two:
These conditions reduce the number of R-parity violating couplings in Eq. (116) to 45 (9 λ ijk , 27 λ ′ ijk , and 9 λ ′′ ijk ). The purely baryonic operatorÛ iDjDk is irrelevant to our discussion on neutrino oscillation so we will not consider the λ ′′ ijk couplings further. We also neglect possible bilinear R-parity violating couplings which have the effect of mixing the neutrinos with the neutral higgsino; their effect on neutrino oscillation has been discussed extensively by many authors [14, 42, 43] .
A.LLÊ couplings
TheLLÊ part of the R-parity violating Lagrangian, Eq. (116), expressed in terms of the component fields is L LLE = λ ijk ν iL e kR e jL +ẽ jL e kR ν iL +ẽ * kR ν c iL e jL + h.c.
The second and third terms of this Lagrangian, together with their hermitian conjugates, contribute to neutrino oscillation matter effects. The corresponding Feynman diagrams are
FIG. 12: LLE interactions that contribute to neutrino oscillation matter effects..
shown in Fig 12. Since λ ijk is antisymmetric under i ↔ j, it follows that i = j. Calculations similar to those for the scalar leptoquarks yield
or if we write everything out explicitly:
LQD interactions that contribute to neutrino oscillation matter effects..
B.LQD couplings
TheLQD part of the R-parity violating Lagrangian expressed in terms of the component fields is
The second and third terms of this Lagrangian, together with their hermitian conjugates, contribute to neutrino oscillation matter effects. The corresponding Feynman diagrams are shown in Fig 13. Calculations similar to those for the scalar leptoquarks lead to the following effective potential for neutrino flavor ν i :
For degenerate d-squark masses Md Md ≥ |δλ
The resulting graphs for the lower mass bounds are shown in Fig. 15 . The regions of the Mμ, |δλ One can also fix the smuon and sdown masses and obtain upper bounds on the R-parity violating couplings:
These relations are actually more useful than Eq. (130) since if the smuon and sdown exist, their masses will be measured/constrained by searches for their pair-production at the LHC, independently of the size of possible R-parity violating couplings.
Current bounds on R-parity violating couplings come from a variety of sources [14, 15] .
The current indirect bounds of the four couplings under consideration from low-energy experiments are listed in 
TABLE IX: Current 2σ bounds on R-parity violating couplings from Ref. [14] . These bounds assume that each coupling is non-zero only one at a time.
Bounds on R-parity violating couplings from ep and pp colliders come from searches for s-channel resonant production of sparticles. The bounds from the ep collider HERA necessarily involve the couplings λ ′ 1jk since the squark must couple to the first generation lepton (electron or positron) [44, 45, 46 , 47] so we will not discuss them here. The bound from the Tevatron comes from the analysis of D0 which looked for the R-parity violating processes dū →μ or dd →ν µ , which occur if λ ′ 211 = 0, followed by the decay of the slepton via the R-parity conserving processesμ →χ 0 1,2,3,4 µ orν µ →χ ± 1,2 µ [48] . The neutralinos and charginos produced in these processes cascade decay down to theχ 0 1 (the assumed lightest supersymmetric particle, or LSP) which decays via a virtual smuon, muon-sneutrino, or squark though the R-parity violating λ ′ 211 coupling again into a muon and two jets, giving 2 muons in the final state. The bound on the value of λ ′ 211 from this analysis depends in a complicated manner on all the masses of the particles involved in the processes. If one uses a minimal supergravity (mSUGRA) framework [49] with tan β = 5, µ < 0, and A 0 = 0, then the 95% bound is λ ′ 211 ≤ 0.1 assuming Mμ = 363 GeV [48] . A similar bound would result from Eq. (131) if Md = 460 GeV. However, since squarks are generically much heavier than sleptons [49] , the existing D0 bound is effectively stronger than the potential bound from 
V. EXTENDED HIGGS MODELS
Most models, including the Standard Model (SM) and its various extensions, possess Higgs sectors which distinguish among the different generation fermions. The models discussed in section II are necessarily so, and so are the Zee [50] and Babu-Zee [51] models of neutrino mass, as well as various triplet Higgs models [52] . As representative cases, we consider the effect of the singlet Higgs in the Zee and Babu-Zee models, and that of a triplet Higgs with hypercharge Y = +1 (Q em = I 3 + Y ).
A. Singlet Higgs in the Zee and Babu-Zee Models
In the Zee [50] and Babu-Zee [51] models, an isosinglet scalar h + with hypercharge Y = +1 is introduced, which couples to left-handed lepton doublets as
where (ab) are flavor indices: a, b = e, µ, τ . The hypercharge assignment prohibits the h ± fields from having a similar interaction with the quarks. Due to SU(2) gauge invariance, the couplings λ ab are antisymmetric: λ ab = −λ ba . This interaction is analogous to the R-parity violatingLLÊ coupling with h ± playing the role of the slepton.
In the Zee model [50] , in addition to the h ± , two or more SU(2) doublets φ α (α = 1, 2, · · · )
are introduced which couple to the h ± via
and to the fermions in the usual fashion. The couplings M αβ are antisymmetric, just like λ ab , which necessitates the introduction of more than one doublet. In this model, Majorana masses and mixings of the neutrinos are generated at one-loop as shown in Fig. 16a . The extra doublets can also contribute to neutrino oscillation depending on their Yukawa couplings to the leptons, but we will assume that their effect is negligible compared to that of the h ± .
In the Babu-Zee model [51] , in addition to the h ± , another isosinglet scalar k ++ with hypercharge Y = +2 is introduced which couples to the right-handed leptons and h ± via
In this model, Majorana masses and mixings of the neutrinos are generated at the two-loop level as shown in Fig. 16b . In this case, the extra scalar, k, does not contribute to neutrino oscillation.
Expanding Eq. (132), we obtain
Keeping only the terms that are relevant for neutrino oscillation matter effects, we have
The corresponding Feynman diagram is shown in Fig. 17 .
Calculations similar to those for the S 1 leptoquark yield
where we have defined δλ 2 h ≡ |λ eµ | 2 − |λ eτ | 2 . The dependence of ξ h on the h ± mass is plotted in Fig. 14 for the case δλ 
This result is represented graphically in Fig. 15 . The region of the (M h , |δλ 2 h |) parameter space below the constructed line would be excluded.
A constraint on the exact same combination of the couplings and mass of the h ± as above exists from τ decay data: The measured value of the τ − → ν τ e −ν e branching fraction imposes the constraint [53] 
which is clearly stronger than Eq. (139).
B. Triplet Higgs with Y = +1
We denote the components of an isotriplet Higgs with hypercharge Y = +1 as
It is customary to write this in 2 × 2 matrix form:
The coupling of ∆ to the leptons is then 
Of these, the λ ′ ee term does not affect ξ, while the other terms are precisely the same as those listed in Eq. (136). So without further calculations, we can conclude that all the results of the previous subsection apply in this case also.
VI. SUMMARY AND CONCLUSIONS
In this paper, we surveyed the potential constraints on various models of new physics which could be obtained from a hypothetical Fermilab→HyperKamiokande, or similar type of experiment. We assumed that the parameter ξ, defined in Eq. (4), could be constrained to |ξ| ≤ ξ 0 = 0.005 at the 99% confidence level. This places a constraint on the couplings and masses of new particles that are exchanged between the neutrinos and matter fermions.
Table X summarizes our result. Of the models surveyed, the potential bound on gauged B−3L τ from |ξ| ≤ ξ 0 can be expected to be stronger than the expected bound from the LHC.
Bounds on generation non-diagonal leptoquarks can be competitive if |C LQ ||δλ 2 LQ | = O(1). For these cases, neutrino oscillation can be used as an independent check in the event that such new physics is discovered at the LHC.
All the other models are already well constrained by existing experiments, either indirectly by low-energy precision measurements, or by direct searches at colliders. Generically, the couplings and masses of new particles that couple only to leptons are well constrained by lepton universality, while their contribution to neutrino oscillation tend to be suppressed since they only interact with the electrons in matter. This tends to render the existing bound stronger than the potential bound from |ξ| ≥ ξ 0 .
Topcolor assisted technicolor, and R-parity violating LQD couplings involve interactions with the quarks in matter, but they too belong to the list of already well-constrained models.
For the Z ′ in topcolor assisted technicolor, the proton and electron contributions to neutrino oscillation cancel, just as for the Standard Model Z, and the coupling is also fixed to a small value, which results in a weak bound from |ξ| ≤ ξ 0 . For the LQD coupling, restriction to minimal supergravity provided an extra constraint which strengthened the existing bound.
The fact that only a limited number of models (at least among those we surveyed) can be well constrained by |ξ| ≤ ξ 0 means, conversely, that if a non-zero ξ is observed in neutrino oscillation, the list of possible new physics that could lead to such an effect is also limited.
This could, in principle, help distinguish among possible new physics which have the same type of signature (e.g. a leptoquark which may, or may not be generation diagonal) at the LHC.
